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Available online 11 August 2016The inﬂuence of a selection of minimal processing techniques (sanitizing wash prior to packaging, modiﬁed at-
mosphere, storage conditions under light or in the dark) was investigated in relation to the survival of, attach-
ment to and internalization of enteric pathogens in fresh produce. Cut Iceberg lettuce was chosen as a model
for fresh produce, Escherichia coli O157:H7 (E. coli O157) and Salmonella enterica were chosen as pathogen
models. Care was taken to simulate industrial post-harvest processing. A total of 50 ± 0.1 g of fresh-cut Iceberg
lettuce was packed in bags under near ambient atmospheric air with approximately 21% O2 (NAA) conditions or
equilibrium modiﬁed atmosphere with 3% O2 (EMAP). Two lettuce pieces inoculated with E. coli O157 BRMSID
188 or Salmonella Typhimurium labeled with green ﬂuorescent protein (GFP) were added to each package.
The bags with cut lettuce were stored under either dark or light conditions for 2 days at 7 °C. The pathogens' ca-
pacity to attach to the lettuce surface and cut edgewas evaluated2 days after inoculation using conventional plat-
ing technique and the internalization of the bacteria was investigated and quantiﬁed using confocal microscopy.
The effect of a sanitizing wash step (40mg/L NaClO or 40mg/L peracetic acid+ 1143mg/L lactic acid) of the cut
lettuce prior to packaging was evaluated as well. Our results indicate that both pathogens behaved similarly
under the investigated conditions. Pathogen growth was not observed, nor was there any substantial inﬂuence
of the investigated atmospheric conditions or light/dark storage conditions on their attachment/internalization.
The pathogens attached to and internalized via cut edges and wounds, from which they were able to penetrate
into the parenchyma. Internalization through the stomata into the parenchyma was not observed, although
some bacteria were found in the substomatal cavity. Washing the cut edges with sanitizing agents to reduce en-
teric pathogen numbers was not more effective than a rinsewith precooled tapwater prior to packaging. Our re-
sults conﬁrm that cut surfaces are themain risk for postharvest attachment and internalization of E. coliO157 and
Salmonella during minimal processing and that storage and packaging conditions have no important effect.
© 2016 Elsevier B.V. All rights reserved.Keywords:
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Concerns have been raised about the food safety of fresh produce,
such as cantaloupe, herbs, lettuce, tomatoes, spinach and sprouts, due
to the fact that these items are consumed raw. Numerous outbreaksanderlinden@ugent.be (I. Van
ano),
@UGent.be,
Damme@UGent.be (E.J.M. Van
, Frank.Devlieghere@UGent.be
e Ciencias Exactas y Naturales y
tología, Avenida Libertad 5450,with Escherichia coli O157:H7 (E. coli O157) and Salmonella enterica
have been linked to consumption of fresh produce, consequently fresh
produce are considered as high-risk food by the U.S. Food and Drug Ad-
ministration (Klein et al., 2009). These enteric pathogens are able to at-
tach to and even internalize in the products which makes them very
difﬁcult to remove (Erickson, 2012). In order to improve the conve-
nience, minimal processed bagged fresh produce products are devel-
oped relying on modiﬁed atmosphere packaging (MAP, MA
packaging) and sanitizing washes to maintain quality and ensure safety
of fresh produce for consumers. However, the inﬂuence of minimal pro-
cessing on pathogen behavior, in particular attachment and internaliza-
tion still needs further study as it is not fully known towhat extent these
interventions can inﬂuence the risk.
By applyingMAP, the respiration rate of lettuce is reduced due to the
low O2 percentage in the package which retards browning and inhibits
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2012). It was already shown that this may induce acid resistance of E.
coliO157on lettuce but onlywhen stored at growth permissive temper-
atures (≥15 °C) (Chua et al., 2008). Furthermore, the virulence of E. coli
O157:H7 on MA packed lettuce at this temperature was shown to be
lower in comparison with near ambient air (NAA) conditions (Sharma
et al., 2011). In addition, itwas demonstrated that equilibriumMApack-
aging (EMAP) (10%O2, 10% CO2, and 80%N2) had an antimicrobial effect
on indigenous lettuce microbiota, but not on Salmonella and even fa-
vored the survival of this pathogen (Horev et al., 2012). Also, growth
and survival of E. coli O157:H7 in manure and slurry were shown to
be promoted under anaerobic conditions (Semenov et al., 2011). Thus
far, only one study has investigated the combination of the effect of
MAP (and temperature and respiration rate) on the attachment and in-
ternalization of E. coliO157 in fresh cut lettuce (Takeuchi et al., 2001). In
the latter study, only the cut edges of lettuce were investigated in a lab-
scale set-up. Takeuchi et al. (2001) did not report a relation between at-
tachment or penetration and respiration rate of the lettuce and they
only found small differences in attachment between the different atmo-
spheric conditions and temperatures.
In the present study the inﬂuence of MA packaging on the survival,
attachment and internalization of Salmonella and E. coli O157 on fresh
cut Iceberg lettuce was investigated in order to identify conditions
that present a lower risk to consumers such as low attachment degree
of pathogens, low degree of pathogen internalization or higher suscep-
tibility of the pathogens for sanitizers. Special attentionwas paid to sim-
ulate commercialMA packaging (equilibriumMAP, 3%O2, 97%N2, 7 °C).
As it was already shown that the attachment of the pathogen may be
different for the cut edge or the surface of a cut leaf piece (Kroupitski
et al., 2009b; Seo and Frank, 1999; Takeuchi and Frank, 2001;
Takeuchi et al., 2000, 2001), both leaf regions were investigated. Since
Kroupitski et al. (2009a) revealed that Salmonella is attracted to nutri-
ents produced by photosynthetically active cells of cut lettuce, and
bagged fresh-cut lettuces are exposed to light in food stores, storage
conditions (light or dark) were taken into account as well, In addition,
this effect was for the ﬁrst time investigated on E. coli O157 and cut let-
tuce. The classical plate count technique as well as quantitative confocal
laser scanning microscopy were used in the present study to evaluate
and quantify the effect of high (necessary for monitoring with confocal
lasermicroscopy) ormoderate pathogen levels. In addition, the effect of
the combination of a sanitizing wash step (40 mg/L NaClO or 40 mg/L
peracetic acid + 1143 mg/L lactic acid) of the cut lettuce prior to MA-
packaging was studied on a selection of conditions that were identiﬁed
in this study to impose a high risk of pathogen internalization.
2. Materials and methods
2.1. Inﬂuence of MAP, light, cut edge/surface, and inoculum density
2.1.1. Bacterial strains and growth conditions
Chromosomally green ﬂuorescent protein (GFP) labeled Salmonella
enterica (serovar Typhimurium) and E. coli O157 strain BRMSID 188
GFP were used. The wildtype Salmonella Typhimurium was isolated
from freshwater sediments and chromosomally labeled with a stable
variant of GFP by means of the pUT mini-Tn5 Km transposon by tri-pa-
rentalmating. The strainwas kindly donated by Prof. Venter (Division of
Natural Resources and the Environment, CSIR, Pretoria 0001, South Afri-
ca) and described in (Burke et al., 2008). E. coli O157:H7 BRMSID188
GFP was kindly donated by Dr. Susan Bach (Agriculture and Agri-Food
Canada, Paciﬁc Agri-Food Research Centre, Canada) and described in
(Dinu and Bach, 2011). Brieﬂy, the wild type was isolated from bovine
and chromosomally labeled with a stable variant of GFP by means of
Tn7-transposon. Both strains are resistant against 100 μg/mL
kanamycin.
Reference stocks were stored at−75 °C in tryptone soy broth (TSB;
Oxoid, Basingstoke, England), supplemented with 50 μg/mL kanamycin(TSB-K) and 15% glycerol (Prolabo, Heverlee, Belgium). Stock cultures
were kept at 4 °C on tryptone soy agar (TSA, Oxoid, Basingstoke, En-
gland) slants supplemented with 50 μg/mL kanamycin (TSA-K). Work-
ing cultures were prepared by loop inoculation in 10 mL of TSB-K and
statically incubated for 6 ± 1 h at 37 °C. Then, 2 mL of this inoculum
was transferred to 200 mL TSB-K in a 500 mL bottle and incubated at
37 °C for 18 ± 1 h, using an orbital shaker (200 rpm, Yellowline RS/OS
10 Control, IKA-Werke GmbH&Co, Staufen, Germany).
The optical density (650 nm) of the bacterial cultures was measured
in triplicate in a 96-well plate using a spectrophotometer (Versamax,
Molecular Devices, Wokingham, UK). Bacterial suspensions (~log
9.5 CFU/mL or ~log 5.5 CFU/mL) were washed twice with sterile dis-
tilled water by centrifugation (2900 ×g for 10 min at room tempera-
ture) (Sigma 4K15, SIGMA Laborzentrifugen GmbH, Osterode am
Harz, Germany). Cells in the pellet were resuspended in 100 mL sterile
distilled water and the bacterial suspension was stored at 7 °C until
use (max 1 h). The cell population of the inoculum was determined by
plating 10-fold serial dilutions in physiological peptone salt solution
(PPS) on TSA-K (18–24 h, 37 °C).
2.1.2. Inoculation of lettuce pieces
Iceberg lettuce was obtained from a local vegetable supplier (Ghent,
Belgium). The lettuce heads were weighed, cut in two and thematurity
stagewas determined based on the lettuce head density chart. The three
(for younger maturity stage) or four to ﬁve (for higher maturity stage)
outer leaves of the lettuce were removed. The next three leaves were
used to cut leaf pieces of approximately 4.5 cm × 4.5 cm on the top-re-
gion of the leaf (Fig. 1). A triangular mark was cut out in the lower left
corner of the lettuce piece,when the lettuce piecewas lyingwith the ab-
axial side on the cutting board and with the top rufﬂe of the leaf facing
away from the operator. Subsequently, the leaf pieces were inoculated
by submerging them individually for 2 s in the bacterial suspension
using a sterile forceps. Afterwards, the leaf pieces were drained on a
paper towel to remove the excess of bacterial suspension and stored
at 7 °C until packed (max 1 h).
2.1.3. Minimal processing of uninoculated lettuce
Iceberg lettuce was processed as described by Lopez-Galvez et al.
(2013) with some modiﬁcations. Brieﬂy, after its reception in the lab,
lettuce was kept at 4 °C for max. 2 h before processing. Outer leaves
and core were removed and lettuce was cut in pieces of approximately
4.5 cm × 4.5 cm by means of stainless steel knives in clean conditions.
About 1 kg of untreated fresh-cut lettuce was washed in 10 L cold tap
water (7 °C) for 1 min. Subsequently, the product was rinsed again in
10 L tap water at 7 °C for 1 min. Finally, the cut lettuce was drained by
centrifuging for 1 min using a manually operated centrifuge (16 L). All
the processing steps were performed in a cold room at 7 °C.
2.1.4. Packaging and storage
In the current study a ﬁll weight of 50 ± 0.1 g was used. Therefore,
the bags (19 cm × 19 cm) were ﬁrst ﬁlled with ±25 g of uninoculated
minimally processed lettuce. Subsequently, two inoculated leaf pieces
(1.7 ± 0.7 g) were added to the bag with a sterile forceps and the bag
was further ﬁlled with uninoculated minimally processed lettuce until
a weight of 50 ± 0.1 g was reached. Equilibrated modiﬁed atmosphere
packaging (EMAP, 3% O2, 97% N2) conditions were performed with a
packaging foil (60 LB PLAIN, Amcor-Flexibles, Ledbury, Herefordshire,
UK) with an O2 permeability of 1000 mL O2/m²·d·atm measured at
ASTM D1434, 23 °C, 0% RH. The foil consisted of a 30 μm printable
clear polypropylene layer and a 30 μm clear polyethylene layer. Then,
the packages were ﬂushed with 2.5–3% O2 (Freshline, Air Products,
Brussels, Belgium) and 97–97.5% N2 (RT-X50S-Food, Air Products, Brus-
sels, Belgium) as initial gas atmosphere by means of a gas packaging
unit consisting of a gas mixer (WITT KM 100-4MEM,Witt-Gasetechnic,
Witten, Germany). The near ambient air atmospheric (NAA) conditions
were realized with a high barrier packaging foil (NX90, Euralpack,
Fig. 1. Example of leaf pieces cut from the top region of amiddle leaf of a crop (A–B) and a scheme of the position of the investigatedmicroscopic ﬁelds for the analysis of the cut lettuce (C–
D). A. Cut lettuce piece for analysis of the surface. The circle shows the leaf region that was cut out for the analysis. B. Cut lettuce piece without top rufﬂe for analysis of the cut edges, the
rectangles showwhich part of the lettuce tissuewas removed for analysis. C. For the surface analysis, 10microscopic ﬁelds (312 μm×312 μm)were investigated,with a distance of 200 μm
between the differentﬁelds, the cut edge of the lettuce samplewas avoided. D. For the cut edge analysis, 3 stitched ﬁelds, each composed of 4microscopic ﬁeldswith 10% overlap between
the ﬁelds, were investigated. The uttermost left ﬁeld contained the cut edge. The stitched ﬁelds were also 200 μm separated from each other.
42 I. Van der Linden et al. / International Journal of Food Microbiology 238 (2016) 40–49Schoten, Belgium) with the same dimensions as the EMAP bags. The O2
permeability of the foil was 2.0 O2/m2·d·atmmeasured at 23 °C, 85%RH
and the foil had a thickness of 90 μm. An air pipe with a diameter of ap-
proximately 1 cm was made in the package to create near–ambient air
(NAA) atmospheric conditions. After packaging, the packages were
stored at 7 °C for 2 days either in dark or in light conditions. For the
light conditions, the bags were lying 80 cm below commercial ﬂuores-
cent lamps (Mastec 36Watt CoolWinter 33 CLT 52/09). The light inten-
sity was measured using a Lux meter (PAR-cell 532; 400–700 nm, Skye
Instruments, Llandrindod Wells, UK). The lettuce bags in dark condi-
tions were stored in a non-airtight, non-transparent box with a lid.
2.1.5. Headspace gas analysis
Oxygen and carbon dioxide concentrations were measured in each
bag for each treatment at each sampling time. Measurements were per-
formed by means of the Checkmate gas analyzer (CheckMate 9900, PBI
Dansensor, Ringsted, Denmark).
2.1.6. Lettuce analysis and attachment assay
At 1–3 h (day 0) and 2 days after packaging, the pathogen numbers
on the inoculated lettuce pieces were determined. Each day, one bag
was used for each condition that was studied. The content of a bag
was emptied in a tray and the two inoculated lettuce pieces weretaken with sterile forceps. Both the cut edges and the surface were ana-
lyzed (in independent experiments). For the surface analysis, leaf discs
(2.7 cm in diameter) were cut out from the middle of the lettuce piece
using the rounding of an aseptic 50 mL polypropylene tube as a tem-
plate. For the cut edges, two strips with a size of approximately
0.5 cm × 4.5 cm on the left and right sides of the lettuce piece were re-
movedwith a sterile scalpel. For the analysis of the total number of bac-
teria associated with the lettuce, the leaf region of interest (surface or
cut edge) was transferred into 4mL PBS+ 0.05% Tween 20 in sterile ﬁl-
ter bags (Extraction bags Universal 12 × 15 cm, Bioreba, Reinach, Swit-
zerland). The bags were sealed, weighed and the lettuce was grinded
(Handheld Homex, Bioreba, Reinach, Switzerland) until a homogenous
mixture was obtained. The bacterial suspension was serially diluted in
PPS and the number of CFU was determined by spread plating on TSA-
K (18–24 h, 37 °C). To determine the number of bacteria that were at-
tached and/or internalized to the lettuce, an attachment assay was per-
formed as described by Van der Linden et al. (2014) with minor
modiﬁcations. Brieﬂy, each lettuce piece (leaf disc or two cut edges)
was rinsed twice for 1 min each in 75 mL SDW to remove unattached
bacteria. The washed discs or cut edges were transferred into 4 mL
PBS + 0.05% Tween 20 in sterile ﬁlter bags and analyzed as described
for the ”total number of bacteria on the lettuce piece”. With the plate
count technique it was not possible to distinguish between internalized
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(from the same package) were investigated separately and three inde-
pendent experiments were performed (n = 6).
2.1.7. Internalization assay
Microscopic slides were prepared by gluing an open square of
2.2 cm × 2.2 cm with an edge of 0.5 cm (Stop pressions, Hansaplast
Food Expert, Beiersdorf, Hamburg, Germany). A double-sided transpar-
ent tape was stuck in themiddle of themicroscopic slide. A leaf piece of
approximately 0.5 cm×0.5 cmwas cut from themiddle (surface) or the
edge (cut edges) of the inoculated lettuce piece (high inoculum densi-
ty). The lettuce pieces were mounted on the double-sided transparent
tape on the microscopic slide with the abaxial side of the leaf upwards
(side that was investigated). Approximately 50 μL of 2 μg/mL solution
of Nile Red (72485-100MG, Sigma Aldrich, S. Louis, MO, USA) was
added on the lettuce and themicroscopic slidewas sealedwith nail pol-
ish and a cover glass. The samples were examined using a Nikon A1R
confocal laser scanning microscope (Nikon Inc., Melville, NY, USA),
mounted on a Nikon Ti epiﬂuorescence body. A 488 nm Ar laser was
used for excitation. GFP emission was detected between 505 nm–
525 nm, autoﬂuorescence was detected between 690 and 710 nm, and
Nile Red emission between 710 nm–850 nm. The same excitation line
was used for simultaneous Differential Interference Phase Contrast
(DIC) imaging.
For the analysis of the surface 10 microscopic ﬁelds with a physical
size of 312 μm× 312 μmwere investigated in two rows of 5 ﬁelds, sep-
arated by 200 μm. For each ﬁeld, the total number of stomata and the
number of stomatawith 1, 2, 3, 4, 5–10 or N10 pathogens inside the sto-
mata were counted. The presence of pathogens in the parenchyma was
investigated by making confocal Z-stacks down to 50 μm below the
cuticula (recognized by Nile Red ﬂuorescence which stained cuticula
and guard cells of the stomata). The surface of the lettuce was analyzed
for each combination of light, pathogen and packaging conditions. For
each tested condition one lettuce piece was analyzed at day 0 and day
2. The surface experiments were repeated ﬁve times.
For the analysis of the cut edge, fourﬁeldswere horizontally stitched
as shown in Fig. 1. The ﬁrst ﬁeld contained the cut edge itself. For each
cut edge, three stitched pictures, vertically separated at least 200 μm
from each other were taken. A depth scan (Z-scan) was performed
and each 2.5 μm an image was taken up to 20 μm below the lowest
point of the cuticula. The cut edge of the lettuce was analyzed for each
combination of pathogen species and packaging condition stored in
the dark. For each tested condition one lettuce piece was analyzed at
day 0 and day 2. The cut edge experiment was repeated twice.
2.1.8. Statistical analysis
Plate count datawere log10 transformed and analyzedwith one-way
ANOVA performed for each combination of pathogen (E. coli O157/Sal-
monella), inoculum level (high/low), storage condition (light/dark)
and lettuce region (surface/cut edge) with the combination of total/at-
tached, day, and atmospheric conditions (EMAP or NAA) as groups in
the analysis at P b 0.05. Scheffé was performed as post hoc test. Confocal
microscopy data of the lettuce surface were analyzed for the percentage
of stomata per investigated leaf piece with at least one associated path-
ogen in comparison with the total number of stomata. The experiments
with E. coli O157 were analyzed with general linear model procedure
(GLM). The analysis started with a saturated model and non-signiﬁcant
terms were sequentially dropped at a signiﬁcance level of 0.05. The
most parsimonious model was used when analyzing the data, this was
the model with only the main factors. Since confocal microscopy data
for Salmonella did not fulﬁl the requirements of equality of variances,
pairwise analysis was performed with Kruskall-Wallis non-parametric
test at P b 0.05. The inﬂuence of atmospheric condition was tested for
each combination of day and storage condition, the inﬂuence of storage
condition (light/dark) for each combination of atmospheric condition
and day and the inﬂuence of storage time for each combination ofatmospheric and storage condition. SPSS version 20 (IBM) was used
for all tests. Graphs were made with Matlab v. 8.3.
2.2. Sanitizing experiment
2.2.1. Bacterial strains and growth conditions
The inocula were prepared as described in 2.1.1.
2.2.2. Inoculation of lettuce pieces
The inoculated lettuce pieces were prepared as described in 2.1.2
with some minor modiﬁcations: the leaf pieces were stored at 7 °C for
at least 30min andmax 1 h at 7 °C before the (sanitizing) washing step.
2.2.3. Preparation of sanitizing solutions
Two different sanitizer solutions were tested with tap water as con-
trol treatment. The ﬁrst sanitizer tested was a combination of peracetic
acid (PAA) (32%wt. in dilute acetic acid, ref. nr. 269336, Sigma-Aldrich)
and lactic acid (LA) (approximately 50%, Purac, Gorinchem, The Nether-
lands). The solution was prepared by adding PAA and LA to 10 L
precooled tap water (7 °C) to achieve a concentration of 40 mg/L and
1143 mg/L, respectively. The PAA concentrations were calculated
based on the immediate measurement of the total chlorine by means
of the HI93711 meter (Hanna instruments, Temse, Belgium). A conver-
sion factor for PAA was previously determined to be 84.7% of the mea-
sured value of the measured total chlorine value. Due to changes in
equilibrium and stability of the solution, the concentrations had to be
adjusted for each experiment. This was done either by addingmore dis-
infectant to the solution or by removing a part of the solution and
addingmore tap water. The second sanitizer was a 40mg/L sodium hy-
pochlorite solution. Sodium hypochlorite (NaClO, 3.5% Cl2 in aqueous
solution. ref. nr. 27896.291, VWR International, Leuven, Belgium) was
diluted in 10 L precooled tap water (7 °C) to get a free chlorine concen-
tration of 40 mg/L. The free chlorine concentration was immediately
measured using the HI93711 meter. The control treatment consisted
of 10 L precooled tap water (7 °C). After preparation of the sanitizers,
a volume of 100 mL was removed from each solution and added to a
small 180 mL sterile sample container and stored at 7 °C.
2.2.4. Sanitizer treatment of inoculated lettuce pieces
Four lettuce pieces (prior stored at 7 °C)were added to 100mL of the
sanitizer solution (or tap water as control) (prior stored at 7 °C). The
container was regularly swirled to optimize the washing process. After
1 min the sanitizing solution was decanted, 100 mL cold tap water
was added and the rinsing procedure was repeated.
2.2.5. Minimal processing of uninoculated lettuce
Iceberg lettucewas processed as described in 2.1.3 with someminor
changes. Then, 500 g (instead of 1 kg) of untreated fresh-cut lettucewas
washed in 10 L cold sanitizer solution (7 °C) or tapwater (control treat-
ment) for 1 min. Subsequently, the product was rinsed in 10 L fresh tap
water at 7 °C for 1 min, and drained as described in 2.1.3.
2.2.6. Packaging and storage
Lettucewas packed as described in 2.1.4 but PAA+ LA treated unin-
oculated lettuce was combined with PAA + LA treated inoculated let-
tuce pieces, NaClO treated uninoculated lettuce with NaClO treated
inoculated lettuce pieces, and tap water treated uninoculated lettuce
was combined with tap water treated inoculated lettuce pieces (con-
trol). After packaging, the packages were stored at 7 °C for 2 days in
dark conditions.
2.2.7. Headspace gas analysis
The headspace gas analysis was performed as described in 2.1.5.
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The inoculated lettuce pieceswere analyzed as described in 2.1.6 but
only the cut edges were analyzed and no extra rinsing step (“attached
pathogens”) was performed since the loosely attached pathogens
were already removed during the sanitizer treatment.
2.2.9. Statistical analysis
The data were analyzed with one way ANOVA performed for each
combination of pathogen and inoculum level with the combination of
sanitizing treatment and storage time as groups in the analysis at
P b 0.05 in SPSS version 20 (IBM). Scheffé was performed as post hoc
test. Graphs were made with Matlab v. 8.3.
3. Results
3.1. Inﬂuence of EMAP, light, cut edge/surface, and inoculum density
3.1.1. Inﬂuence of atmospheric conditions
The atmospheric conditions in the bagged Iceberg lettuce, EMAPver-
sus NAA, did not show any signiﬁcant inﬂuence on the survival and at-
tachment/internalization (as determined by plate counting collecting
cells from surface and cut edge region) (Figs. 2 and 3) or internalization
(as determined by confocal microscopy visualizing cells on the surface
region) (Fig. 4) for any of the tested conditions.
3.1.2. Difference cut edge vs. surface region
A clear difference in the attachment/internalization of the pathogens
was observed between the cut edges and the surface region of the Ice-
berg lettuce pieces (Fig. 2 compared to Fig. 3). The classical plate
counting assay showed that washing removed around 1 log CFU/leaf
disc from the surface and around 0.5 log CFU/cut edges from the cut
edges when the leaf pieces were inoculated with a high pathogen inoc-
ulum.When the leaf pieces were inoculated with a low inoculum, a rel-
atively lower number of pathogens were removed from the lettuce
pieces, which was especially clear for the cut edges inoculated with E.
coli O157. A decrease of only 0.09–0.16 log CFU/cut edges was noted
after washing. Washing of the surface region of the lettuce, reduced
the number of pathogens signiﬁcantly for all tested conditions. For the
cut edges in general no signiﬁcant effect was observed between the
number of pathogens before (total) and after washing (attached/inter-
nalized) except for the high inoculum of E. coli O157 at day 0 NAA and
day 2 EMAP . Confocal microscopy revealed that the pathogens were
able to internalize into the parenchyma through the cut edges (Fig.
5F–J). However, internalization in the parenchyma was never observed
when the leaf surfacewas investigated, except in those cases where the
tissuewas clearlywounded. Therefore, these resultswere not taken into
account. The pathogenwas only found in the substomatal cavities of the
leaves (Fig. 5B, C and E). In themajority of the cases, only one pathogen
was found associated (on average 53.1% for Salmonella, 43.1% for E. coli
O157) but occasionally N10 bacteria were found (Fig. 5C).
3.1.3. Inﬂuence light/dark storage
The effect of storage in light vs. darkwas only tested on the surface of
the leaf pieces since the main goal of this experiment was to study the
inﬂuence of light on the internalization of the pathogen through the sto-
mata. Using the classical plate counting technique, no signiﬁcant differ-
ences were observed for the survival and attachment/internalization of
pathogens in the packages stored in light and dark conditions (Fig. 2).
Although small differences in the association of the pathogens with
the stomata were observed by confocal microscopy, none of these dif-
ferences were statistically signiﬁcant (Fig. 4). On average a higher
level of Salmonella was found associated with (at least one) stomata
when the lettuce bags were stored in the light compared to the dark
at both time points. For E. coliO157, however, this effectwasmainly ob-
served at day 2. The association of the pathogens with the stomata washighly variable between the ﬁve independent repeats (see also supple-
mental Fig. S1 and Table S1).
3.1.4. Inﬂuence of storage time
For none of the studied conditions, storage time had a signiﬁcant ef-
fect on the survival and attachment/internalization as determined by
classical plating method (Figs. 2 and 3). When the lettuce surfaces
were analyzed with the confocal microscope, an increased number of
E. coli O157 (P b 0.05) associated with the stomata was found at day 2.
No signiﬁcant increase of Salmonella was found (Fig. 4).
3.1.5. Salmonella vs. E. coli O157
In general, a quite similar behavior was observed for both pathogens
under study. On average a higher number of E. coli O157 were removed
from the lettuce samples compared to samples inoculated with Salmo-
nella, except for the experiment where a low inoculum of E. coli O157
was used (Figs. 2 and 3). Furthermore, the initial association of the path-
ogens with stomata was on average 1.8 times higher for Salmonella in
comparison with E. coli O157 (23.4% of stomata with at least one path-
ogen resp. 13.03%). This observation could be explained by the differ-
ence in inoculum level that was on average 2.3 times higher for
Salmonella (9.73 ± 0.18 log CFU/mL) compared to E. coli O157
(9.39 ± 0.12 log CFU/mL) (Fig. 4).
3.2. Sanitizing wash
The results shown in Fig. 6 revealed no difference in effectiveness of
removing the pathogen from the cut edge between the three different
treatments on lettuce pieces inoculated with high or low inoculum of
E. coli O157:H7 BRMSID 188 and low inoculum of Salmonella
Typhimurium. Rinsing with tap water was as effective as rinsing with
40mg/L PAA+1143mg/L LA or 40mg/L NaClO. For lettuce pieces inoc-
ulatedwith a high Salmonella level, the PAA+LA treatment reduced the
number of pathogens on the cut edges signiﬁcantly with around 0.5 log
CFU/cut edge in comparison with the control tap water rinse. Storage
time had no signiﬁcant effect for none of the tested conditions.
4. Discussion
In this study, the effects of packaging conditions (EMAP/NAA) and
storage conditions (light/dark) on survival of, attachment to and inter-
nalization of enteric pathogens in fresh cut Iceberg lettucewere investi-
gated. Since pathogens were most persistent at the cut edges, the
inﬂuence of an additional sanitizer wash prior to packaging was tested
as well.
To the knowledge of the authors, only one study performed by
Takeuchi et al. (2001) investigated the inﬂuence of modiﬁed atmo-
sphere on the attachment and internalization of E. coli O157 onto/into
lettuce (Takeuchi et al., 2001). They reported a marginal difference in
attachment/internalization between storage at NAA (~21% O2) and
storage in an atmosphere with reduced O2 (2.7%) levels, at the cut
edges at different temperatures of storage (4 °C, 22 °C, 37 °C). They
also found that E. coli O157 was able to penetrate deeper into the
cut edges at NAA but no correlation was found with the respiration
rate of lettuce (which is lower at lower oxygen concentrations).
Our plate count results of the cut edges did not point towards a sig-
niﬁcant inﬂuence of atmospheric conditions on the attachment/in-
ternalization of Salmonella and E. coli O157. However, the plate
count technique is not sensitive enough to pick-up the small differ-
ences, as observed by Takeuchi et al. through confocal microscopy.
But we were not yet able to investigate our cut edge data obtained
by confocal microscopy in a quantitative way as it was difﬁcult to de-
ﬁne the starting point of the cut edge in a standardized way for all Z-
scans and to be sure that the pathogens were not internalized
through other wounds. In addition to the work of Takeuchi et al.,
we also studied the attachment/internalization of the pathogens at
Fig. 2. Survival and attachment/internalization of E. coliO157BRMSID 188 and Salmonella Typhimuriumon the surface of fresh cut lettuce pieces at the day of packaging (day 0) and 2 days
after storage at 7 °C. The total number of pathogens on the lettuce surface before (non-hatched bars) and after washing (hatched bars) is shown for lettuce packed under equilibrium
modiﬁed atmosphere (white bars) and near ambient air atmosphere packaging conditions (grey bars). The hatched bars are printed above the non-hatched bars to show the
difference between total and attached/internalized pathogens on the lettuce more clearly. The data represent the average log CFU per lettuce disc (5.7 cm2) and the standard deviation
of six samples from three independent experiments. Different letters between different bars indicate signiﬁcant difference according to one-way ANOVA with Sheffé as posthoc test
(P b 0.05).
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quantitatively as we were able to stain the cuticula and stomata (a
reference for the surface). Both results (confocal microscopy andplate counting) did not reveal a signiﬁcant effect of the atmospheric
packaging conditions on the attachment/internalization of the path-
ogens associated with the intact surface.
Fig. 3. Survival and attachment of E. coli O157:H7 BRMSID 188 and Salmonella Typhimurium on the cut edges of fresh cut lettuce pieces at the day of packaging (day 0) and 2 days after
storage at 7 °C. The total number of pathogens on the lettuce surface before (non-hatched bars) and afterwashing (hatched bars) are shown for lettuce packed under equilibriummodiﬁed
atmosphere (white bars) and near ambient air atmosphere packaging conditions (grey bars). The hatched bars are printed above the non-hatched bars to show the difference between
total and attached/internalized pathogens on the lettucemore clearly. The data represent the average log CFU per cut edges (4.5 cm2) and the standard deviation of 6 samples from three
independent experiments. Different letters between different bars indicate signiﬁcant difference according to one-way ANOVA with Sheffé as posthoc test (P b 0.05).
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differentways of post-harvest internalization of the pathogen into a leaf
were investigated. A third internalization way through hydathodes,
which are permanently open water pores in the epidermis or leaf mar-
gin and are directly connected to the plant vascular system, was not in-
vestigated in our study as in the case of case of cut lettuce, the cut edge
seemed to be a more important internalization route due to the higher
surface of cut tissue compared to hydathode openings. Hydathodes
can, however, be an important pre-harvest internalization route for
e.g. Salmonella in growing tomato plants (Gu et al., 2013).
The plate counting data showed that there was a difference in the
degree of attachment/internalization between the surface and the cut
edge for both studied pathogens. E. coli O157:H7 BRMSID 188 was
least efﬁciently removed from the cut edge, especially when (relatively)
low pathogen levels were used (Takeuchi et al., 2000). According to theFig. 4. Percentage of stomata with at least one associated pathogen (E. coliO157:H7 BRMSID188
ambient atmospheric air (dotted). Black = dark, white = light. Percentages were calculated b
deviations represent the mean of 5 independent experiments.absolute number of attached/internalized Salmonella on the cut edges
(with a smaller surface) in comparison with the lettuce disc, it may be
that Salmonella attached/internalized preferentially to the cut edges. In
contrast, Takeuchi et al. (2000) reported that Salmonella attached equal-
ly to the cut edge and the intact surface, strain variation seems thus pos-
sible. With confocal microscopy both pathogens were visualized in the
parenchyma close to the cut edge.When studying the surface, high den-
sities of bacteria were found, but both pathogens behaved similar and
were never able to reach the parenchyma through the stomata, they
were only found in the substomatal cavities. These results were expect-
ed as Kroupitski et al. (2009a) showed already that internalization did
not (often) occur in the dark or at low temperature for Salmonella.
They reported internalization in around 10% of the observed ﬁelds
both at low light (3 μE m−2 s−1) in combination with low storage tem-
perature (4 °C) and alsowhen the lettuce was stored in the dark (at 30 °(left) or Salmonella (right)) packed under equilibriummodiﬁed atmosphere (full) or near
ased on the total number of stomata counted in 10 microscopic ﬁelds. Bars and standard
Fig. 5. Confocal microscopy images and 3D reconstructions showingGFP-tagged Salmonella and E. coliO157 (green) residing on the leaf surface (A–F) and cut edge (G–J) of Iceberg lettuce
following minimal processing. Red ﬂuorescence indicates auto-ﬂuorescence of chlorophyll within chloroplasts, magenta color shows the cuticula of the lettuce stained by Nile Red (false
color) A. Representative photomicrograph showing the distribution of E. coli O157:H7 BRMSID 188 cells on the lettuce leaf tissues (surface) stored for 2 days under equilibriummodiﬁed
atmosphere packaging conditions under illumination (light treatment, 1000 lx). B. Zoomof detail shown in A, stomawith one associated E. coliO157 BRMSID 188. C. Detail of a stomawith
N10 E. coli O157 BRMSID 188 cells in the substomatal cavity on the surface of minimal processed lettuce stored at near ambient air in the dark (day 0). D & E. Two 3D reconstructions of
lettuce (surface) stored under illumination for 2 days under modiﬁed atmosphere. GFP-tagged E. coli O157 BRMSID 188 were only found on the lettuce surface and in the substomatal
cavity, not in the parenchyma. F. Zoom of detail shown in E. G & I. Two 3D reconstructions of Salmonella Typhimurium inoculated cut Iceberg lettuce (cut edge) stored in the dark
under near ambient air at day 0. Pathogens were able to internalize into the parenchyma. H & J. Zooms of the details marked in G resp. I with internalized Salmonella Typhimurium.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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higher and the exposure/storage time longer (up to 2 days in compari-
son with 2 h), from which higher internalization may be predicted. An
unknown factor, however, is the light that could reach the inoculated
lettuce pieces. These lettuce pieces were packed together with the restof the cut lettuce to reach about a total weight of 50 g, but they were
presumably not fully exposed to the light source (around
13.5 μE m−2 s−1) or at least not to its full intensity. Other reasons for
the absence of internalization may be the fact that the other lettuce
pieces in the bag may also have leaked nutrients, which might inhibit
Fig. 6. Inﬂuence of washing cut edges with sanitizer or tap water on the pathogen level (above: E. coli O157, below: Salmonella) for lettuce inoculated with high (left) or low (right)
pathogen levels. The bars show the average log CFU/cut edges present on the cut edges after rinsing the lettuce pieces for 1 min with the sanitizer/tap water and a subsequent rinse of
1 min with tap water (both precooled at 7 °C) after equilibrium modiﬁed atmosphere packaging (3% O2, 97% N2) and storage in the dark at day 0 and day 2. White bars: control
treatment with tap water, light grey: treatment with 40 mg/L peracetic acid + 1143 mg/L lactic acid, dark grey: treatment with 40 mg/L NaClO.
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exogenous nutrients can inhibit internalization as there is no need for
the pathogens to search for other nutrients (Kroupitski et al., 2009a).
Furthermore, we cannot exclude that the stomata were closed in the
bag given the low metabolic state of the lettuce at low temperatures.
The stomata were open during the observation of the lettuce under
the microscope, but it may be induced by the sample preparation (e.g.
submersion of the sample, illumination of the microscope, room tem-
perature in microscopy room). A study of the status of stomatal open-
ing/closure could have been done by making a classical stomatal print.
Internalization seems also to depend on the lettuce type and cultivar
(Golberg et al., 2011). The results of our study are limited to lettuce
stored at appropriate cold storage temperatures (7 °C). As Kroupitski
et al. (2009a) has shown that internalization occurs more frequently
at higher temperatures, it should be very interesting for future research
to study higher temperatures and longer storage periods corresponding
with time and temperature abuses. Finally, our results of internalization
through stomata showed a large variability between the different inde-
pendent repeats. Lettuce variety, maturity and seasonal effects through-
out the time period of the experiments (November–April) may have
inﬂuenced the plant physiology of the Iceberg lettuce leaves and thus
the internalization of the pathogen's cells. Indeed, young lettuce leaves
produce more nutrients (Brandl and Amundson, 2008), but we tried
tominimize this effect by selecting Iceberg headswith uniformmaturity
stage based on the chart of maturity stages of Iceberg lettuce and
selecting leaveswith the samedevelopmental stage for sample prepara-
tion. Furthermore, as the lettuce was store bought it could not be guar-
anteed that all the heads belonged to the same variety, it has already
been shown that enteric pathogensmay interact differently with differ-
ent lettuce cultivars (Klerks et al., 2007; Quilliam et al., 2012). Although
small differences were detected with respect to the association of the
pathogens with the stomata (e.g. inﬂuence of storage time), this effect
is not of much importance for the industry as seemingly the cut edges
are the main harbor place for pathogens.Our results indicated that the concentrations of sanitizers investigat-
ed in the present study are not effective in substantially reducing the
pathogen's numbers on the cut edges. This is in agreement with litera-
ture (Erickson, 2012) and with the fact that, particularly in Europe, the
use of sanitizers is mainly recommended to keep the wash water
clean rather than to decontaminate the lettuce (Baert et al., 2009;
Velazquez et al., 2009; Zhang et al., 2009). Our results indicated that
subsequent storage of treated lettuce (PAA+ LA or NaClO) under mod-
iﬁed atmosphere at 7 °C revealed no signiﬁcant inﬂuence of the patho-
gen level on the lettuce, which was is in accordance with the work of
Posada-Izquierdo (Posada-Izquierdo et al., 2012) nor regarding the at-
tachment/internalization of the bacteria. Our study indicates that vari-
ous storage conditions (modiﬁed atmosphere or NAA, in the dark or
exposure to light) of either water washed or sanitizer treated
(PAA+ LA or NaClO) fresh-cut Iceberg lettuce had no substantial inﬂu-
ence on the survival, internalization and attachment of Salmonella and E.
coli O157 cells on the lettuce leaves (surface or cut-edge). Although, no
big differences in behavior were found between the different tested
conditions, a quantitative microbial risk assessment can only be made
accuratelywhen also the effect on the pathogen virulence (e.g. toxin ex-
pression, acid resistance, etc.) between the different conditions is inves-
tigated such as e.g. done by Oliveira et al. (2011).With this information,
also the likelihood and severity of an infection can be predicted more
precisely. The present study also conﬁrmed that internalization of Sal-
monella Typhimurium and E. coli O157 in fresh-cut Iceberg lettuce is
most likely to occur at the cut edges and wounded tissue.
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